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FOREWORD 


This  research  program  consists  of  an  integrated  and  inter¬ 
related  effort  of  basic  and  applied  research  in  chemical 
thermodynamics  and  thermochemistry.  Knowledge  of  variation 
of  physical  and  thermodynamic  properties  with  molecular 
structure  is  used  to  select  compounds  for  study  that  be¬ 
cause  of  high  ring  strain  or  unusual  steric  effects  may 
have  good  energy  characteristics  per  unit  volume  or  per 
unit  mass  and  thus  be  useful  in  the  synthesis  of  high 
energy  fuels.  These  materials  are  synthesized,  and  their 
thermodynamic  properties  are  evaluated.  In  cooperation 
with  researchers  at  Wright-Patterson  Air  Force  Base, 
ramjet  fuels  currently  in  use  are  subjected  to  careful 
thermodynamic  evaluation  by  measurements  of  heat  capacity, 
enthalpy  of  combustion  and  vapor  pressure. 
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ABSTRACT 


Basic  and  applied  research  have  continued  on  the  thermo¬ 
dynamic  properties  of  currently  used  high  density/high 
energy  fuels  and  of  pure  chemical  compounds  that  may  be 
constituents  of  high  energy  fuels  of  the  future. 

Enthalpy  of  combustion  was  measured  for  three  compounds 

that  are  constituents  of  current  ramjet  fuels — hexacyclic 
exo ,  t>xo-dihydrodinorbornadiene ,  hexacyclic  cndo,  ^nlo- 
dihydrodinorbornadiene  and  exo-te trahydrodicyclopentadier.e 
(JP-10). 

Heat  capacities  of  aorc-tetrahydrodicyclopentadiene  (JP-10) 
and  RJ-6,  a  blend  of  JP-10  and  the  hydrogenated  dimers  of 
norbornadiene,  were  measured  by  differential  scanning 
calorimetry. 

Enthalpy  of  combustion  was  measured  for  two  pure  hydro¬ 
carbons,  1 , 7-dimethylir.dan  and  1 , 4-dimethyl-2-isobutyl- 
benzene,  that  are  expected  to  have  high  steric  interaction 
energies  of  alkyl  substituents  in  the  ring  structure,  and 
measurements  are  in  progress  on  1-ethyl-S-methylnaphthalene 
and  1 , 6-dimethy lindan . 

Results  of  present  and  earlier  research  sponsored  by  AFOSR 
were  reported  both  orally  and  in  journal  articles. 


RESEARCH  PROGRESS 


1.  NOMENCLATURE 

This  report  describes  research  on  the  thermodynamic  prop¬ 
erties  of  several  fuels  and  compounds  of  considerable 
molecular  complexity.  In  an  effort  to  facilitate  under¬ 
standing,  the  nomenclature  and  carbon  skeletons  of  these 
materials  follow  in  Table  1. 


TABLE  1.  Nomenclature  of  Materials 


Hexacyclic 
exo , exo-dihydro- 
dinorbornadiene 


Hexacyclic 
endo , endo- dihydro 
dinorbornadiene 


exo-Tetrahydro- 

dicyclopentadiene 


G 

\ 

C'\ 


1 , 7-Dimethyl- 
indan 


1 , 4 -Dimethyl- 2 -iso 
butvlbenzene 


2.  ENTHALPY  OF  COMBUSTION 

Material  and  Techniques 

Two  series  of  combustion  experiments  were  performed.  In 
the  first  series  hexacyclic  exo,  <?x<?-dihydrodinorbornadiene , 
hexacyclic  en do, endc-dihydrodincrbornadiene ,  and  ero-tetra- 
hydrodicyclopentadiene  were  studied.  These  materials  were 
supplied  by  Professor  C.  T.  Moynihan  of  the  Catholic  Uni¬ 
versity  of  America.  They  were  prepared  from  concentrates 
obtained  from  Suntech,  Incorporated,  by  triple  recrystalli¬ 
zation  at  -65°  C  from  acetone  and  subsequent  vacuum  distil¬ 
lation.  Gas  chromatography  of  the  two  substances  indicated 
the  exo, exo-  isomer  to  be  99.9  mole  percent  pure  and  the 
endo,endo -  isomer  to  be  99.7  mole  percent  pure.  Professor 
Moynihan  also  supplied  a  sample  of  £xo-tetrahydrodicyclo- 
pentadiene,  also  obtained  from  Suntech,  Incorporated,  of 
99.9  mole  percent  purity.  These  materials  were  used  as 
received  without  further  drying. 

A  second  series  of  combustion  calorimetric  experiments 
involved  1 , 4-dimethyl-2-isobutylbenzene  and  1 , 7-dimethylindan . 
The  alkylbenzene  was  purified  by  the  American  Petroleum 
Institute  Research  Project  58  at  Carnegie-Mellon  University, 

A.  J.  Streiff,  Director.  The  sample  description  given  by 
API  Project  58  lists  the  purity  as  99.96  ±  0.01  mole  per¬ 
cent.  The  alkylindan  was  prepared  in  the  laboratories  of 
Professor  E.  J.  Eisenbraun  at  Oklahoma  State  University. 

Carbon  dioxide  was  recovered  from  the  combustion  products 
of  most  combustion  experiments.  Quantitative  carbon  dioxide 
recovery  is  an  excellent  indication  that  the  materials  are 
dry  and  free  of  all  but  isomeric  impurity.  Carbon  dioxide 
recoveries  for  the  two  series  of  experiments  and  their  com¬ 
panion  benzoic  acid  calibration  experiments  are  given  in 
Table  2. 

Fragile  flexible  ampoules1'2  of  borosilicate  glass  confined 
the  liquid  samples  for  combustion  calorimetry;  auxiliary  oil 
(laboratory  designation  TKL  66)  was  used  to  initiate  the 
combustion.  Rotating-bomb  calorimeter  BMR  IIs  and  platinum- 
lined  bomb  PT-3b“  were  used  without  bomb  rotation.  For  each 
experiment-,  1  cm^  of  water  was  added  to  the  bomb,  and  the 


W.  D.  Good  and  N.  K.  Smith,  J.  Chem.  Eng.  Data,  14, 

102  (1969). 

G.  B.  Guthrie,  D.  W.  Scott,  W.  N.  Hubbard,  C.  Katz, 

J.  P.  McCullough,  M.  E.  Gross,  K.  D.  Williamson 
and  G.  Waddington,  J .  Am.  Chem.  Soc.  ,  74_,  4662  (1952)  . 
W.  D.  Good,  D.  W.  Scott  and  G.  Waddington,  J.  Phus. 
Chem.  ,  60_,  1080  (1956)  . 

W.  D.  Good,  D.  R.  Douslin,  D.  W.  Scott,  A.  George, 

J.  L.  Lacina,  J.  P.  Dawson  and  G.  Waddington,  J.  Phus. 
Chem.,  63,  1133  (1959). 
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TABLE  2.  Carbon  Dioxide  Recovery 


Compound 

Percent 

Recoverya 

Hexacyclic 

exc j exo-dihydro-  ^ 

dinorbornadierte  (6) 

99.96 

±  0.01 

Hexacyclic 

endo , endo-dihydro- 

dinorbornadiene  (7) 

99.95 

t  0.01 

exo-Tetrahydrodi- 
cyclopentadiene  (4) 

99.98 

±  0.03 

Benzoic  acid  (8) 

99.96 

±0.02 

1 , 7-Dimethylindan  (8) 

99.99 

t  0.01 

1 , 4-Dime thyl-2- 
isobutylbenzene  (6) 

99.98 

±  0.02 

Benzoic  acid  (8) 

99.99 

±  0.00 

Mean  and  standard  deviation  of 

the  mean. 

b 

Number  of  experiments. 
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bomb  was  flushed  and  charged  to  30  atm  with  oxygen.  Each 
experiment  was  started  at  296.15  K,  and  because  the  r  isses 
of  combustibles  were  properly  chosen,  the  final  temperatures 
were  very  nearly  298.15  K.  Temperatures  were  measured  by 
quartz  crystal  thermometry;  the  quartz  thermometer  was  cali¬ 
brated  with  a  platinum  resistance  thermometer.  A  program¬ 
mable  desktop  calculator  was  used  to  control  the  combustion 
experiments  and  record  the  results.  Readings  were  taken  at 
100-second  intervals  throughout  the  experiment;  integration 
of  the  time-temperature  curve  is  inherent  in  the  quartz  ther¬ 
mometer  reading. 

The  experimental  results  are  based  on  1961  atomic  weights.5 
For  reducing  weights  in  air  to  masses,  converting  the  energy 
of  the  actual  bomb  process  to  that  of  the  isothermal  bomb 
process,  and  reducing  to  standard  states,6  the  values  of 
physical  properties  listed  in  Table  3  were  used.  The  values 
of  the  densities  of  the  hydrogenated  dinorbornadienes  and 
hydrogenated  dicyclopentadiene  are  those  of  Moynihan.7  The 
densities  of  1 , 7-dimethylindan  and  1 , 4 -dimethy 1-2-isobutyl- 
benzene  were  derived  from  the  masses  of  sample  contained  by 
ampoules  of  known  volume.  All  values  in  parentheses  are 
estimates . 

National  Bureau  of  Standards  sample  39i  benzoic  acid  was  used 
for  the  two  calibration  series.  The  result  of  eight  calibra¬ 
tion  experiments  interspersed  with  the  hydrogenated  diborna- 
diene  and  dicyclopentadiene  experiments  was  £ (calor)  = 

4007.28  +  0.08  cal  deg“l  (mean  and  standard  deviation  of  the 
mean) .  The  result  of  nine  calibration  experiments  inter¬ 
spersed  witi  the  experiments  with  1 , 7-dimethylindan  and 
1 , 4-dimethyl-2-isobutylbenzene  was  c (calor)  =  4007.40  ±  0.07 
cal  deg~l  (mean  and  standard  deviation  of  the  mean) . 


A.  E.  Cameron  and  E.  Wichers,  J.  Am .  Chem.  Soa.,  84 , 
4175  (1962) . 

W.  N.  Hubbard,  D.  W.  Scott  and  G.  waddington.  In 
Experimental  'Thermochemistry ,  Chap.  5.  F.  D.  Rossini, 
editor.  Interscience :  New  York.  1956.  pp .  75-128. 
C.  T.  Moynihan,  H.  Sasabe,  D.  S.  Czaplak  and  U.  E. 
Schnaus,  J .  Chem.  Eng.  Data,  2_3,  107  (1978)  . 
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TABLE  3. 


Physical  Properties  at  298.15  K 


Coraoound 

0 

OE/3p)T 

CP 

g  cm'^ 

cal  atm-"'’  g”^ 

cal  K"1  g_1 

Hexacyclic 

exoj exo-dihvdro- 
dinorbornadiene 

1.073 

(-0.0029) 

(0.3) 

Hexacyclic 

endo , endo-dihydro- 
dinorbornadiene 

1.085 

(-0 . 0029) 

(0.3) 

exo-Tetrahydrodi- 

cyclopen tad iene 

0.931 

(-0.0029) 

(0.3) 

1, 7-Dime thylindan 

0.93 

(-0.0029) 

(0.3) 

1, 4-Dime thyl-2- 

isobutylbenzene 

0.836 

(-0.0029) 

(0.3) 

Benzoic  acid 

1.32 

-0.0028 

0.289 
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Combustion  Calorimetry  Pc  suits 


The  following  equations  represent  the  combustion  reaction 
for  the  compounds : 

Hexacyclic  exo ,  i?xo-dihydrodinorbornadiene  and 
hexacyclic  endc , en Jc-dihydrodinorbornadiene 

C14H18(1)  +  37/2  °2(g)  =  14  c02(g)  +  9  h20(1)  (D 


exo-Tetrahydrodicyclopentadiene 
C10H16(1)  +  14  °2(g)  =  10  C02(g)  +  8  H20(1)  (2) 


1 , 7-Dime thylindan 

C11H14(1)  +  29/2  °2(g)  =  11  co2(g)  +  7  h20(1)  (3) 


1 , 4-Dimethyl-2 -isobutylbenzene 

C12H18(1)  +  33/2  °2(g)  =  12  co2(g)  +  9  H20(1)  (4) 

Values  of  AE£/m  for  all  five  compounds  are  given  in  Tables  4 
through  8.  All  values  of  AE£/m  refer  to  the  reaction  of  one 
gram  of  sample  at  25°  C.  Derived  molar  values  of  the  stand¬ 
ard  molar  energy  of  the  combustion  reactions,  AE £,  and  the 
standard  molar  enthalpy  of  combustion,  AH£,  are  given  in 
Table  9 . 

Uncertainty  values  are  the  "uncertainty  interval"  equal  to 
twice  the  final  overall  standard  deviation  of  the  mean. 

The  formation  reactions  for  the  compounds  from  the  elements 
follow. 

Hexacyclic  exo, sxo-dihydrodinorbornadiene  and 
hexacyclic  endc ,  encc-dihydrodinorbornadiene 

14  C (c, graphite)  +  9  H2(g)  =  C14H18(1  or  g)  (5) 


^xo-Tetrahydrodicyclopentadiene 


10  C (c , graphite)  +  8  H2(g)  =  Ci0H16(l) 


(6) 


TABLE  4.  Summary  of  Calorimetric  Experiments  With  Hexacyclic  rxo.exo-Dihydrodinorbornadiene 


TABLE  rj  .  Summary  of  Calorimetric  Experiments  With  Hexacycl ic  rn.i.i ,  <•  rtr/.i -Dihyd rod inorbornad lene 
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f  cor  r 

94  of  the  computation  form  of  Hubbard  et  al  (footnote  a). 


TABLE  6.  Summary  of  Calorimetric  Experiments  With  cxr>-Tetrahydrodicyclopc-ntadiene 


94  of  the  computation  foim  of  Hubbard  et  al  (foot.note  a)  . 


TABLE  7.  Summary  of  Calorimetric  Experiments  With  1 , 7-Dimethyl lndan 


TABLE  6.  Summary  of  Calorimetric  Experiments  With  1 , 4-Diraethy 1 -2- i sobuty lbenzene 
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94  of  the  computation  form  of  Hubbard  et  al  (footnote  a). 


TABLE  9.  Derived  Molar  Values  at  298.  IS  I< 


Compound 

^Ec 

AH£ 

kcal  mol- 

1 

kcal  mol" 

■1 

Hexacyclic 

exo  j exo-dihydro- 

dinorbornadiene 

-1938.22  ± 

0.46 

-1940.88  ± 

0.46 

Hexacyclic 

endOj endo-dihydro- 

dinorbornadiene 

-1945.44  ± 

0.36 

-1948.11  ± 

0.36 

exc-Tetrahydrodi- 

cyclopentadiene 

-1455.37  ± 

0.26 

-1457.74  i 

0.26 

1, 7-Dime  thy  lindan 

-1497. 5C  t 

0.22 

-1499.57  + 

0.22 

1, 4-Dime thyl-2- 
isobutylber.zene 

-1706.86  ± 

0.24 

-1709.53  ± 

0.24 

12 


1 , 7-Dimethylindan 


11  C(c, graphite)  +  7  H2(g)  =  C]_]_H14(1)  (7) 

1/ 4-Dimethyl-2-isobutylbenzene 

12  C  (c ,  graphite)  +  9  H2(g)  =  C12H18^  (8) 


Derived  values  of  the  enthalpy  of  formation  for  the  five 
compounds  are  given  in  Table  10.  Values  of  the  enthalpy  of 
vaporization  of  the  two  hydrogenated  dimers  of  norbornadiene 
and  of  exu-tetrahydrodicyclopentadiene  were  provided  by  Dr. 
Margret  Mansson  of  the  University  of  Lund,  Lund,  Sweden. 

These  values  permit  derivation  of  enthalpies  of  formation  in 
the  gaseous  state.  The  enthalpies  of  formation  of  C02(g) 
and  H20(l)  were  taken  to  be  -94.051  and  -68.315  kcal  mol“l, 
respectively.8  Uncertainties  assigned  were  0.011  kcal  mol“l 
for  CO2  (g)  ,  and  0.010  kcal  mol"^-  for  H20(1).1C 

The  values  of  uncertainty  expressed  in  Table  10  are  also  the 
“uncertainty  interval"  and  reflect  uncertainties  in  the  en¬ 
thalpies  of  formation  of  gaseous  C02  and  liquid  water  as  well 
as  the  combustion  calorimetry. 

It  is  of  interest  to  note  that  the  greater  value  of  the 
enthalpy  of  formation  of  the  and:, end:-  dimer  of  hydrogenated 
norbornadiene  is  at  least  qualitatively  what  would  be  expected 
from  the  close  proximity  of  the  hydrogen  atoms  and  their 
repulsions. 

The  value  of  the  enthalpy  of  combustion  of  exc>-tetrahydrodi- 
cyclopentadiene  is  in  excellent  agreement  with  a  value  obtained 
earlier  in  this  laboratory  on  a  sample  of  less  certain  purity.11 

Combustion  calorimetry  of  i-ethyl-8-methylnaphthalene  and  1,6- 
dimethylindan  is  in  progress.  When  this  study  is  completed, 
it  will  be  possible  to  make  an  assessment  of  the  magnitude  of 
the  steric  interaction  energies  in  the  1,8-alkyl  substituted 
naphthalenes  and  the  1,7-alkyl  substituted  indans . 


D.  D.  Wagman,  W.  H.  Evans,  I.  Halow,  V.  B.  Parker,  S.  M. 
Bailey  and  R.  H.  Schumm,  Natl.  Bur.  Stand.  (U.S.)  Tech  Note 
270-3 ,  1968. 

8  F.  D.  Rossini  and  R.  S.  Jessup,  <7.  Re b.  Natl.  Bur.  Stand., 
21,  491  (1938)  . 

10  F.  D.  Rossini,  J.  Rec.  Natl.  Bur.  Stand.,  6,  1  (1931). 

11  N.  K.  Smith  and  W.  D.  Good,  American  Institute  of  Aero¬ 

nautics  and  Aotronautics  Journal,  17,  No.  8,  905-907 
(1979).  • 
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TABLE  10.  Enthalpies  of  Formation  at  298.15  K 


Compound 

State 

AH| 

kcal  mol--'- 

Hexacyclic 

exc*,  exc-dihydro- 

dinorbornadiene 

(1) 

9.34  ±  0.49 

(9) 

24.97  ±  0.50 

Hexacyclic 

endo,  er.ds-dihydro- 

dinorbornadiene 

(1) 

16.56  ±  0.40 

(9) 

32.18  i  0.41 

- 

exo-Tetrahydrodi- 

cyclopentadiene 

(1) 

-29.29  i  0.29 

(g) 

-17.65  t  0.29 

— 

1 , 7-Dime thylindan 

(1) 

-13.20  ±  0.26 

1 ,4-Dimethyl-2- 
isobutylbenzene 

(1) 

-33.92  ±  0.28 
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3.  HEAT  CAPACITIES  OF  RJ-6  AND  JP-10 

The  heat  capacities  of  JP-10  ( ^xc-te trahydrodicyclopenta- 
diene)  and  RJ-6  (a  blend  of  JP-10  and  three  hydrogenated 
dimers  of  norbornadienes)  were  measured  on  a  Perkin-Elmer 
DSC-2  differential  scanning  calorimeter.  Measurements  had 
been  made  previously  on  these  substances;  however  the  re¬ 
sults  were  suspect  because  Perkin-Elmer  volatile  sample  pans 
were  used.  With  these  pans  it  is  difficult  to  seal  an 
adequate  amount  of  liquid  sample  for  accurate  measurements. 
Also,  results  have  been  obtained  with  these  pans  for  other 
liquids  that  incorrectly  show  maxima  in  plots  of  liquid  heat 
capacities  versus  temperature.  For  these  reasons  new  meas¬ 
urements  were  made  in  high  pressure  cells  that  were  designed 
in  part  to  overcome  these  problems. 

Results  were  obtained  on  25-mg  samples  from  260  K  up  to 
465  K  where  the  vapor  pressure  reaches  about  2  atmospheres. 
Two  methods  of  measurement  were  used  with  the  high  pressure 
cells:  (1)  the  ordinary  "displacement”  method  and  (2)  a 

"differential"  method  suggested  by  Cassel.12  The  temper¬ 
ature  range  was  covered  in  two  stages,  260-373.3  K  and  335— 
465  K,  so  that  the  methods  could  be  compared  before  the 
samples  were  heated  to  the  boiling  region.  After  results 
were  obtained  at  the  highest  temperature,  repeat  measure¬ 
ments  by  method  2  for  the  lower  temperature  range  gave 
results  that  agreed  to  within  0-5  percent  of  those  obtained 
initially.  This  is  believed  to  be  evidence  of  lack  of 
significant  change  in  the  samples  during  the  study.  The 
results  from  the  two  methods  agreed  to  within  1  percent. 

The  values  selected  and  given  below  are  those  obtained  from 
the  differential,  or  substitution,  method  because  it  is 
inherently  more  accurate. 

The  heat  capacities  of  the  two  fuels  are  represented  by  the 
following  equations: 

JP-10 

Cp (cal/g  K)  =  (0.10423  +  0.76872  x  10~3  T 

+  0.46992  x  IQ-6  T2)  ±  0.00081 

for  T  =  260  to  465  K  (9) 


12  B.  Cassel,  Perkin-Elmer  Corp.,  1976.  Text  of  presenta¬ 
tion,  "New  Techniques  in  DSC:  Differential  Heat  Capacity 
Determinations  for  Maximum  Accuracy,"  at  the  Pittsburgh 
Conference  on  Analytical  Chemistry,  Cleveland,  Ohio, 

March  1974  . 
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RJ-6 


0^ (cal/ g  K)  =  (0.013913  +  0.10963  x  10“2  T) 

±  0.00056 

for  T  =  260  to  465  K  (10) 

where  uncertainties  are  standard  deviations  at  either  end  of 
the  measurement  range. 

The  new  results  as  well  as  those  obtained  previously,  in 
this  laboratory  and  at  the  Catholic  University  of  America7'13 
by  C.  T.  Moynihan,  are  shown  in  Figures  1  and  2.  The  new 
values  of  heat  capacity  are  believed  to  be  reliable.  The 
results  for  JP-10  turn  upward  as  they  should  with  increasing 
temperature.  Also,  the  value?  of  RJ-6  are  lower  and  essen¬ 
tially  linear  with  temperature  as  would  be  expected  by  the 
modifications  produced  by  introducing  the  higher  molecular 
weight,  hydrogenated  dimers  of  norbornadienes  into  the  JP-10. 


13  C.  T.  Moynihan,  private  comrriunication,  March  14  ,  1978. 
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FIGURE  1.  Comparison  with  other  experimental  heat  capacities  of  R.l 


4.  PUBLICATIONS  AND  PRESENTATIONS 

Thermodynamics  of  Organic  Compounds  presented  by  W.  D.  Good, 
AFOSR  Contractors  Meeting  in  Air-Breathing  Combustion  Dy¬ 
namics,  Alexandria,  va.,  Jan.  26-Feb.  1,  1980. 

Vapor  Pressure  of  17  Miscellaneous  Organic  Compounds  by 
A.  G.  Osborn  and  D.  W.  Scott.  Journal  of  Chemical  Thermo¬ 
dynamics,  1_2_,  No.  5,  429-438  (1980)  . 

5.  MANUSCRIPTS  ACCEPTED  FOR  PUBLICATION 

Thermodynamic  Properties  of  Cyclopropylamine,  Cyclopentyl- 
amine  and  Methylenecyclobutane  by  H.  L.  Finke,  J.  F.  Messerly 
and  S.  H.  Lee-Bechtold .  Accepted  by  Journal  of  Chemical 
T he rmody nami c s . 

Vapor  Heat  Capacities  and  Enthalpies  of  Vaporization  of 
Six  Miscellaneous  Organic  Compounds  by  1.  A.  Hossenlopp 
and  D.  W.  Scott.  Accepted  by  Journal  of  Chemical  Thermo¬ 
dynamics  . 
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